Reconstructing specific fire-history metrics with charcoal records has been difficult, in part because calibration data sets are rare. We calibrated charcoal accumulation in sediments from three medium (14-19 ha) and one large (4250 ha) lake with a 300 yr tree-ring-based fire-history reconstruction from central Yellowstone National Park (YNP) to reconstruct local fire occurrence and area burned within a 128 840 ha study area. Charcoal peaks most accurately reflected fires within 1.2-3.0 km of coring sites, whereas total charcoal accumulation correlated best with area burned within 6.0-51 km (r 2 =0.22-0.62, p<0.05). To reconstruct area burned for the entire study area, we developed a statistical model based on a composite charcoal record. The model explained 64-79% of the variability in area burned from ad 1675 to 1960 and was robust to cross-validation. Reconstructed area burned from ad 1240-1975 was significantly higher during periods including extreme annual drought (p=0.05), and area burned varied significantly at ≈ 60 yr timescales (p<0.05), similar to the variability in an independent precipitation reconstruction covering the same period. Widespread burning (>10 000 ha) occurred at 150-300 yr intervals, and at the site level, fire probability increased with stand age (composite Weibull c parameter = 1.61 [95% CI 1.36-2.54]), both suggesting that post-fire stand development played an important intermediary role between climate and fire by increasing fuel abundance and probability of fire spread. Our study illustrates the possibility of reconstructing area burned with multiple charcoal records, and results imply that future fire regimes in YNP will be governed by direct impacts of altered moisture regimes and by vegetation dynamics affecting the abundance and continuity of fuels.
Introduction
Fire is a dominant natural disturbance in forested ecosystems linking climate change and biosphere response. Understanding these linkages has become an important priority, particularly in western North America, where numerous large stand-replacing fires have occurred in recent years (e.g. National Interagency Fire Center, 2008: http://www.nifc.gov/fire_info/fire_stats.htm). Firehistory reconstructions from tree-ring and lake-sediment records are the primary source of information for evaluating the precedence of current and future fire activity (Conedera et al., 2009) . Tree-ring records provide fire-history information with high temporal resolution for the last 300-500 yr, whereas high-resolution charcoal records are more widely spaced geographically, offer decadal-to multidecadal-scale resolution, and span millennia.
Testing the assumptions of charcoal-based fire history studies is a critical goal for paleofire research. In the western USA, this work began in Yellowstone National Park (YNP), where Whitlock and Millspaugh (1996) collected sediment samples in small lakes in burned and unburned watersheds to understand post-fire charcoal accumulation. Millspaugh and Whitlock (1995) used these insights to develop a 750-yr-long fire history based on sediment charcoal from five lakes in central YNP, comparing the age of charcoal peaks with a regional fire chronology based on tree-ring data (Romme and Despain, 1989) . These initial studies did not quantify the spatial domain represented by charcoal peaks, nor did they interpret overall charcoal abundance.
Since the early work in YNP, our understanding of sedimentcharcoal records and the techniques used to infer fire history have greatly improved. For example, statistical analyses have allowed reconstructions of fire history at small spatial scales by decomposing charcoal time series into 'background' and 'peak' components, and applying a threshold based on (semi-) objective criteria to identify samples likely associated with local fire events (e.g. Clark et al., 1996; Gavin et al., 2006; Higuera et al., 2009; Long et al., 1998) . Support for these techniques comes from empirical studies linking known fires with charcoal accumulation (Gardner and Whitlock, 2001; Gavin et al., 2003; Higuera et al., 2005; Lynch et al., 2004; Tinner et al., 1998) and process-based models that consider charcoal production, dispersal, and deposition (Clark, 1988b; Higuera et al., 2007; Peters and Higuera, 2007) . CharSim is a recently developed processbased model that incorporates fire history, primary and secondary charcoal transport, sediment mixing, and sediment sampling to create sediment-charcoal records based on a user-defined fire regime. In addition to supporting the assumption that charcoal peaks reflect fire occurrence at small spatial scales (c. 1 km radius), a major prediction from CharSim is that overall trends in macroscopic charcoal reflect area burned at larger spatial scales (c. 10+ km radius). Although this prediction is valuable for the interpretation of charcoal records (e.g. Brubaker et al., 2009; Marlon et al., 2008 Marlon et al., , 2009 , it has received little direct or indirect empirical testing (but see Duffin et al., 2008) .
The original YNP data set analyzed by Millspaugh and Whitlock (1995) remains one of the most complete calibration data sets for testing this and other key questions about the nature of sediment-charcoal records. In this study, we revisit these data and apply new techniques for their comparison and interpretation. Specifically, spatially explicit comparisons between charcoal and treering records help to (1) statistically calibrate charcoal records to detect both 'local' fire occurrence and 'extra local' area burned and (2) test the theoretical relationships between area burned and charcoal accumulation inferred from CharSim. We then develop a composite record of fire occurrence and a statistical model reconstructing area burned from ad 1225 to 1975. This exercise serves as a case study to demonstrate the potential for reconstructing fire occurrence and area burned at well-defined spatial scales, where both charcoal and tree-ring data sets are available. The value of this approach is illustrated by a comparison of the area-burned reconstruction to a precipitation reconstruction for the YNP region (Gray et al., 2007) . Our objectives were to answer the following questions: (1) What metrics of fire regimes (e.g. fire occurrence, fire size, area burned) are recorded by charcoal data and at what spatial scales? (2) How can combining charcoal records yield information on regional fire history, and in particular area burned? And (3) how do changes in regional fire history compare with variations in precipitation over the last 750 yr in central YNP?
Methods and rationale

Study area and stand-age reconstruction
Four sites were used in this study (Figure 1 ). Duck (44°25'N, 110°35'W, elev. 2374 m, 14.2 ha, water depth 18.5 m), Mallard (44°28'N, 110°47'W, elev. 2454 m, 13.7 ha, water depth 9.1 m), and Dryad (44°33'N, 110°31'W, elev. 2530 m, 18.5 ha, water depth 8.5 m) lakes are fed by small inlet streams and have no outlet streams. West Thumb (44°26'N, 110°32'W, elev. 2357 m, 4250 ha, water depth 81 m) is a large sub-basin of Yellowstone Lake. The Central Plateau of YNP is dominated by infertile substrates from rhyolite volcanic rocks, which support lodgepole pine (Pinus contorta Dougl. var. latifolia) in about 80% of the forested area (Despain, 1990) . The combination of homogenous vegetation and subdued topography should minimize the impact that these variables have on charcoal dispersal and deposition. In combination with a historic regime of large, infrequent, stand-replacing fires (Romme and Despain, 1989) , these attributes make the Central Plateau an ideal location for linking tree-ring and sediment-charcoal records and comparing results to CharSim.
A tree-ring-based stand-age map developed by Romme and Despain (1989) and published by Tinker et al. (2003) was used to estimate area burned from ad 1675 to 1975 (Figure 1) . The coverage was obtained from DB Tinker as an Arc/Info shapefile and converted to raster format with a cell size of 100 m using ArcGIS (ESRI Inc., Redlands CA). Stand ages within the 128 840 ha study area were estimated from 5-10 increment cores from the dominant lodgepole pine in forest patches > 4 ha. We summarized this reconstruction considering two important sources of error. First, stand ages provide a minimum time-since-fire, because post-fire lodgepole pine regeneration occurs over several years, and tree cores taken above the root crown underestimate tree age (Agee, 1993) . We thus binned stand ages in 15-yr intervals. Second, more recent fires erase evidence of older fires, and area burned by older fires is likely underestimated. We accounted for this fading record by using ad 1675 as the oldest stand age in our analysis, even though the data set includes trees dating to ad 1425 (Romme and Despain, 1989; Tinker et al., 2003;  Figure 1 ).
Sediment records
Sediment-charcoal data collected by Millspaugh and Whitlock (1995) were analyzed with newly developed methods to estimate fire history over the past 500-750 yr. Briefly, charcoal particles 125-250 μm in diameter were quantified from 5 cm 3 samples taken from continuous 1 cm intervals. Chronologies for the last 150-200 yr were based on
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Pb methods using the constant rate of supply model (Appleby and Oldfield, 1978) ; the age of older sediments was estimated using the cumulative dry weight of the interval and the mean sediment accumulation rate for the dated portion of the cores (Whitlock and Millspaugh, 1996) . The original age extrapolation was justified given similarity between estimated sedimentation rates over the past several centuries and those in better-dated sites in YNP (Huerta et al., 2009; Millspaugh et al., 2000) . Sediment accumulation rates were used to calculate charcoal accumulation rates (CHAR, pieces/cm 2 per yr) and resulted in median sample resolutions of 8, 10, 7, and 13 yr/sample at Duck, Mallard, Dryad, and West Thumb, respectively. Prior to analysis, all records were interpolated to 15 yr intervals to account for varying sampling resolution within and between sites and for comparisons with the tree-ring record.
Calibrating charcoal records to detect fire occurrence and defining 'local' spatial scales
To identify charcoal peaks potentially related to 'local' fire occurrence, we decomposed each charcoal series by subtracting 450 yr trends (aka 'background' charcoal; estimated with a locally weighted regression robust to outliers) to obtain a 'peak' CHAR series. We used a Gaussian mixture model to define noise-related variations in the entire peak series (Gavin et al., 2006) using the program CharAnalysis ; available online at http://code.google.com/p/charanalysis/). For each record, we considered three possible global threshold values ('peak thresholds') for separating noise-related from fire-related variations in peak CHAR, defined by the 95th, 99th, and 99.9th percentiles of the noise-related Gaussian distribution. We evaluated the accuracy of peak-inferred fires by comparing identified peaks with tree-ring-inferred fires ('true fires'; Appendix 1, Figure A1 ). Accuracy was defined as the true-positive rate (proportion of peaks correctly identifying fires) minus the false-positive rate (proportion of peaks incorrectly identifying fires). For example, consider a record that has a total of four charcoal peaks; three of these peaks match three true fires, while one charcoal peak does not match a true fire. The accuracy for this scenario would be 3 / 3 (true positive rate) − ¼ (false positive rate) = 0.75. True fires were defined as those falling within 30 yr (two time steps) of an inferred fire (i.e. charcoal peak), and any area burned within a 15 yr time step was classified as a fire, regardless of the number or spatial pattern of cells contributing to the area burned. We used accuracy to identify (1) the optimal of the three peak threshold criteria considered, and (2) the 'optimal spatial scale', the radius at which charcoal peaks best represent true fires . The optimal spatial scale was determined by calculating accuracy when comparing inferred and true fires within concentric circles with radii of 0.1 to 10 km, centered on the coring site (Figure 1 ). Using total area burned as a proxy for fire size, we also tested if accuracy varied with fire size by calculating accuracy based on true fires defined as 15 yr periods with >10 and >100 ha burned.
Correlating charcoal accumulation and area burned and defining 'extra local' spatial scales
We compared total CHAR to area burned within varying distances of each sediment core (0.1-43 km) to determine if CHAR-area burned correlations were statistically significant (Appendix 1, Figure A2 ). This approach mirrors Higuera et al. (2007) , in which simulated charcoal records were compared with fire histories using CharSim. We expected that (1) charcoal deposition would correlate with area burned at multiple distances, and (2) correlations would increase as more area was included in the comparison, reaching a maximum around 10 km, and decreasing at greater distances. We allowed for errors related to chronologies and taphonomy (e.g. charcoal deposition lagging fire occurrence and sediment mixing; Duffin et al., 2008; Whitlock and Millspaugh, 1996) by correlating area burned with CHAR series lagged −30, −15, 0, 15, Figure 1 . Study area, sample lakes, and tree-ring-based area burned record. (a) The location of each study lake within the Tinker et al. (2003) study area on the Yellowstone Plateau and Yellowstone National Park (inset). Smaller circles around each lake identify the optimal spatial scale for comparing identified peaks to tree-ring-inferred fire events ('fire'), and larger circles identify the optimal spatial scale for correlating charcoal accumulation rates to tree-ring-inferred area burned ('area burned'). Note that the larger dashed circle around Duck Lake encompasses the entire study area and is largely an estimate. Stand-age patches are based on the data set of Romme and Despain (1989) and Tinker et al. (2003) . (b) Time series of area burned, inferred from the stand-age map in (a), at annual (black) and 15 yr (gray) intervals. Similar to Romme and Despain (1989) , we assume that stand age before ad 1675 represents an unknown fraction of total area burned ('fading record') 30 yr. We present correlations for all lags but used lags yielding maximum correlations and patterns similar to the expected pattern in subsequent analyses.
To define the optimal spatial scale at which charcoal accumulation reflects area burned, we correlated CHAR series with ten area-burned series representing fire occurrence within radii of 0.1 to 53 km from each sediment core. Ordinary leastsquares regression was used to fit a linear model to each comparison, and we used the coefficient of determination (r 2 ) to evaluate the strength of the CHAR-area burned relationship. To test the null hypothesis of no relationship between CHAR and area burned, we used a Monte Carlo approach that accounts for autocorrelation in the charcoal and area-burned series, and non-linearity or outliers. The probability of obtaining an r 2 value equal to or greater than that observed, p, was calculated based on r 2 values from 5000 simulations representing the null hypothesis (Gotelli and Ellison, 2004) . For each simulation, we used a block resampling method that shifted the start of the CHAR and area-burned records by a random number of years, wrapping samples from the end to the start of the record. Shifting, rather than scrambling, accounts for autocorrelation in each record by preserving sample ordering and is thus more conservative than using parametrically constrained p-values (Adams et al., 2003) .
Composite fire history record and an area-burned model
Using peaks identified with optimal threshold values, we calculated fire-return intervals (FRIs; years between fires) for each record and pooled FRIs from all records, assuming they represent the same fire regime. A Weibull model 
|
] was fit to the pooled distribution using maximum likelihood techniques (e.g. Clark, 1989; Higuera et al., 2009) . Theoretically, this distribution represents the probability of a fire-return interval occurring within an area equal in size to the source area represented by charcoal peaks (defined by the data, below) over the entire sampling period. The Weibull b parameter is directly related to the mean and median fire-return interval (yr), while the c parameter indicates an increasing (c>1), constant (c=1) or decreasing (c<1) probability of fire with stand age (Agee, 1993) .
We formed three composite CHAR records that we hypothesized would correlate with area burned for the entire study area, each including the total number of sites recording during a given interval, as follows: one site from ad 1240-1300, two from 1300-1500, and four from 1500-1975. Individual records were rescaled to range between 0 and 1 (Power et al., 2008) and averaged to create the composite record. We created a univariate regression model predicting area burned as a function of CHAR in the composite record for each of the 19 samples in the calibration period (ad 1675-1960) . Models based on a power relationship (y=ax b ) fit with robustness criteria (Neter et al., 1996) explained the most variation in area burned. Models created after transforming both the charcoal and area-burned data sets were less powerful and less robust (data not shown).
To measure the skill of the regression model, we used the adjusted r 2 and reduction-of-error (RE) statistics (Fritts, 1976) .
The RE statistic indicates the accuracy of a model relative to the null model (i.e. the calibration period mean) and can range from −∞ to 1. RE >0 indicates skill, that the regression model is a better predictor of area burned than is the null model. We calculated the RE statistic for each model and for each of 5000 cross-validations.
For each cross-validation, a regression submodel was created as described above but using a subsample of ten CHAR-area burned pairs starting in randomly selected years (utilizing 53% of the complete calibration data set). As with the site-specific simulations, samples were wrapped and temporal ordering was maintained to account for autocorrelation in each record. Area burned of the remaining nine samples was predicted based on this submodel and the remaining CHAR values. As an index of robustness to new predictions, we report the median RE, RE median , from these 5000 cross-validations.
Testing for climate-fire linkages
We compared reconstructed area burned with three aspects of a tree-ring-based reconstruction of annual precipitation for the Yellowstone region spanning ad 1256-1998 (Gray et al., 2007) . First, to evaluate systematic relationships between area burned and precipitation, we calculated the correlation coefficient (Pearson and Spearman) between area burned and annual precipitation averaged over the same 15 yr intervals. Second, we compared median area burned in the intervals containing the ten driest and ten wettest years to test the null hypothesis that area burned in periods with extreme dry or wet years did not differ from the median area burned over the ad 1256-1975 period of overlap. Confidence intervals were calculated from 10 000 simulations where the relative location of the area burned, dry-year, and wet-year time series were randomly shifted (and wrapped, as in other simulations). For each simulation, the median area burned in the randomly shifted dry and wet years was calculated and recorded, and the 5th, 10th, 90th and 95th percentiles from these simulations serve as one-way 90% and 95% confidence intervals. Third, we tested the hypothesis that the area-burned time series varied significantly over c. 56-64 yr periods, the bandwidth over which the Gray et al. (2007) precipitation reconstruction contained significant spectral power. We estimated the power spectrum of the area-burned time series using Welch's method with a Hamming window (with a width of ten samples and 50% overlap; Welch, 1967 ; analysis done using Matlab software, Mathworks Inc.) and hypothesized precipitation variations near 56-64 yr p could drive area-burned patterns. We used the F statistic (with dof numerator = (50 samples/50 spectral estimates) * 1.2 ≈ 1, and dof denominator =1000) to determine the probability that variance in the area-burned power spectrum differed from that of red noise (with similar first-order autocorrelation). By increasing the number of spectral estimates to 50, we substantially reduced our statistical power, but in trade-off we gained precision in each spectral band. Interpretations of the area burned power spectrum were thus done fully within the context of our hypothesis.
Results
Calibrating charcoal records to detect fire occurrence and defining 'local' spatial scales
Accuracy was maximized when comparing tree-ring-inferred fires to charcoal peaks identified with the 95th (Dryad, Mallard, West Thumb) or 99.9th percentile threshold criterion (Duck; Table 1; Figure 2 ). Based on these charcoal thresholds, the signalto-noise index (SNI) was high for Dryad, Duck, and Mallard lakes (0.90, 0.94, 0.96) and relatively low for West Thumb (0.44). The SNI quantifies the variability of charcoal peak values relative to non-peak values, and it can vary between 0 and 1, with 1 representing maximum signal and <0.5 suggesting poor separation between peak and non-peak values ).
Maximum accuracy was affected by the area-burned criterion only in the case of Mallard Lake, where maximum accuracy increased from 0.50 to 1.00 when true fires were defined as periods with >100 ha burned. For other sites, maximum accuracy (0.80-1.00) was obtained when true fires were defined by the minimum amount of area burned (Table 1) . Maximum accuracy was also more robust to alternative threshold criteria when comparing peaks with true fires defined as periods with >100 ha burned (Table 1) .
Using these optimal peak thresholds, the optimal spatial scale for detecting true fires was defined by radii between 1.2 (Dryad) and 3.0 km (West Thumb) of each core (Table 1; Figure 3a) . Excluding the West Thumb core, which was taken approximately 2.5 km from land (Figure 1 ), the optimal spatial scale was defined by radii <1.3 km (Table 1) . When considering fires within shorter distances, accuracy decreased as a result of low true-positive and high false-positive rates, whereas at greater distances accuracy decreased primarily because of low true-positive rates (Figure 3a) .
Correlating charcoal accumulation and area burned and defining 'extra local' spatial scales
Charcoal accumulation rates (CHAR) were significantly correlated with area burned within 1.6 to 51 km (i.e. the entire study area) of each core (Figure 1 ). The optimal spatial scale for area burned varied between 6.0 km (West Thumb) and 51 km (Duck Lake) with a median of 13 km (Table 2) . Maximum correlations occurred when the CHAR series lagged area-burned series by 15 (Duck Lake, Mallard Lake, West Thumb) or 30 (Dryad Lake) years. Under these circumstances, CHAR explained 22-62% of the total variation in area burned at the optimal spatial scale ( Table 2) . At Dryad and Mallard lakes, r 2 values increased to their maxima at 13 km (0.358 and 0.616; Table 2 ) and decreased at greater distances, whereas this hypothesized pattern was more ambiguous at Duck Lake and West Thumb (Figure 3b ). The optimal spatial scale at Duck Lake is particularly ambiguous, given it had the lowest r 2 values of all sites (0.216; Table 2 ) and little variation between radii of 3.2 and 51 km (Figure 3b ).
Composite fire-history records and area-burned model
Using the optimal peak thresholds, 25 fire-return intervals (FRI) from the pooled data set varied between 30 and 270 yr, with a mean and median (95% CI) of 78 (59-102) and 60 (53-75) yr. Bold values indicate scenarios with the maximum accuracy for that site (which can occur under more than one scenario). Site codes: Dryad Lake (DR), Duck Lake (DU), Mallard Lake (MA), West Thumb of Yellowstone Lake (WT).
variations in CHAR explaining 59-79% of the variation in area burned ( Figure 5c ). The composite record based on four sites explained the most variation in area burned (79%) and was the most robust (RE median = 0.67). Models based on two and one site(s) explained less variation (59 and 64%) and were less robust (RE median = 0.52 and 0.65; Table 3; Figure 5b ,c). For each model, variability in CHAR during the calibration period spanned the full range of variability for the entire reconstruction, eliminating the need for extrapolation beyond the calibration period (e.g. Figure 5e ). The final area-burned reconstruction utilized the three different regression models, spanned ad 1225-1975, and varied between 220 and 21 190 ha burned in any 15 yr interval ( Figure 5 ). Large areas burned (>10 000 ha) in the mid-thirteenth century, c. ad 1530, and c. ad 1700, and smaller areas burned (c. 5000 ha) around ad 1300, 1375, 1420, 1580, 1660, 1750, and 1875 (Figure 5e ).
Testing for climate-fire linkages
Reconstructed area burned was uncorrelated with reconstructed precipitation (Gray et al., 2007) for the period of overlap (Spearman r 2 = 0.05, p = 0.13; Pearson r 2 = 0.04, p = 0.14; Figure 5d ,e).
However, median area burned during periods including the ten driest years in the Gray et al. (2007) data set (5176 ha) was significantly higher than median area burned over the entire ad 1258-1975 period of overlap (p=0.05; 2908 ha; Figure 5d ,e, Figure 6a ). During periods including the ten wettest years, median area burned (2792 ha) did not differ from that for the period of overlap (Figure 6a) . Finally, the power spectrum of the entire area-burned reconstruction exceeded the 95% confidence interval from a period of 56-58 yr (Figure 6b ). Although not hypothesized a priori, the area-burned power spectrum also exceeded the 90% confidence interval at a period of 150 yr.
Discussion
Reconstructing fire regimes with sediment-charcoal records
Identified charcoal peaks most accurately reflected large, highseverity fires relatively close (1-3 km radii) to coring locations. This optimal spatial scale is slightly larger than the 0.5-1.0 km inferred from previous empirical and theoretical work (e.g. Gavin et al., 2003; Higuera et al., 2007) , but the result is influenced somewhat by the limitations of the tree-ring record. Even within the optimal spatial scale, some fires failed to leave detectable peaks in the sediment record, as indicated by the low true-positive rates and less-than-perfect accuracy (Figure 3) . Fire signatures were undoubtedly influenced by aspects other than distancefrom-lake, including fire size, fire intensity, fire severity, and wind direction Gardner and Whitlock, 2001; Higuera et al., 2005) . We did not quantify fire severity and wind direction, but accuracy was more robust to different peak thresholds and higher, in some cases, when fire occurrence was defined as fires >100 ha (Table 1) . This finding supports the assumption that larger fires introduce more charcoal to a lake than small fires and create large charcoal peaks suitable for decomposition methods Whitlock et al., 2006) . The fact that the sediment core from West Thumb, a basin orders of magnitude larger than the other sites, detected fires with reasonable accuracy (0.8; Figure 3a) suggests that basin size in itself does not preclude detecting fires close to the lake shore (Carcaillet et al., 2007) . The low signal-to-noise index (SNI) for West Thumb, however, indicates that identifying individual peaks in this record is questionable, because there is little variation between peaks and non-peak values. This feature of the record likely reflects the basin's large size, which limits the minimum distance-to-fire for a coring location and thus reduces the magnitude of the charcoal peaks associated with local fires. Because the sediments of the West Thumb core are laminated, the low SNI in this record cannot be accounted for by sediment mixing. A full evaluation of the relationship between basin size and charcoal peak variation or the charcoal source area is beyond the scope of this study. Although charcoal peaks reflect fire occurrence within a 1-3 km radius, total charcoal accumulation reflected area burned at larger spatial scales. At all sites, the charcoal accumulation rate (CHAR) was significantly correlated with area burned at distances from 10 0 -10 1 km, up to an order of magnitude greater than distances defining the optimal spatial scale for peakinferred fires. In most cases, and particularly at Dryad and Mallard lakes, correlations increased to a distinct maximum (between 6 and 51 km) and then decreased as the CHAR no longer explained the addition of area burned from greater distances (Figure 3b ). These patterns are strikingly similar to results from the CharSim using large charcoal dispersal distances (10 0 -10 1 km; figure 7 in Higuera et al., 2007) . In simulations, the distance of maximum correlation was defined by the size of the potential charcoal source area (PCSA, the area from which all airborne charcoal reaching a lake originates). Our results thus imply that the PCSA for macroscopic charcoal in our study area is on the order of 10 0 -10 1 km from a lake, although more precise estimates require a larger tree-ring firehistory data set (discussed below). Source areas defined by radii in the 10 1 km range may be independent of (or robust to) fuel types. For example, significant correlations between macroscopic charcoal (>150 μm) and area burned were noted at distances up to 20 km in a study from African savanna (Duffin, 2008) , implying similar charcoal transport distances in grassland For the lag +1 scenario at Duck Lake, r 2 = 0.2139 (p < 0.10) for comparisons within 3.2 km of the core. p-values < 0.10 are bold, < 0.05 are bold italic, and < 0.01 are underlined bold italic. The lead-lag value with the maximum correlation for each site is bold across all columns. Site codes are listed in Table 1 . Table 3 . Alternative regression models relating charcoal accumulation in a composite record to area burned from ad 1675 to 1960 (n = 19). Positive reduction of error (RE) values indicate that the model is a better predictor of area burned than the mean of the series alone (i.e. the model has skill). Cross-validation involved constructing 5000 models based on a random subset of data points (53%) and then calculating the RE statistic for predictions using data excluded from the model (see methods)
Sites systems as in our pine-dominated study area. Both examples add support to theoretical Peters and Higuera, 2007) and empirical (Gardner and Whitlock, 2001; Hallett et al., 2003; Pisaric, 2002; Tinner et al., 2006) studies suggesting that even macroscopic charcoal (>150 μm diameter) in lake sediments comes from within tens of kilometers. Dispersal distances at this scale are similar to pollen dispersal distances for many coniferous taxa (Jackson and Lyford, 1999) , and the similarity may explain why pollen and macroscopic charcoal data often show similar variations through time (Larsen and MacDonald, 1998; Marlon et al., 2006) . In contrast, variations in fire frequency, based on time series of charcoal peaks, generally bear little correspondence to changes in pollen data (Tinner et al., 2008; Whitlock et al., 2008) , probably because charcoal peaks reflect fires within one to several kilometers of the lake, whereas pollen data register vegetation at larger spatial scales (Jackson and Lyford, 1999; Sugita, 1993 Sugita, , 2007 .
A key implication of our CHAR-area burned correlations is that variations in CHAR offer a large-scale, moderately precise metric of fire history. This correlation is an implicit assumption at the foundation of recent studies synthesizing networks of charcoal records to infer large-scale patterns in biomass burning (Marlon et al., , 2009 Power et al., 2008) , but to date it has little empirical support Enache and Cumming, 2006; Tinner et al., 1998) and to our knowledge has not been demonstrated in composite records. Our regression model illustrates that area burned can be quantified based on charcoal accumulation, and in this study our composite record explained 79% of the variability in area burned in the study area (Table 1; Figures 3b, 4 ). Even the model based on one lake provided reasonable results, although explanatory power and skill increased as more sites were included (Table 3 ). The improvement likely reflects the diminishing influence of site-specific variables unrelated to fire occurrence (e.g. basin characteristics, (Gray et al., 2007) ; and (e) reconstructed area burned (dark bars), tree-ring-inferred area burned (thick gray line) during the ad 1675-1960 calibration period, and the ten driest (vertical solid line) and ten wettest (vertical dashed line) years from ad 1258 to 1998 from the Gray et al. (2007) precipitation reconstruction. Note: Gray et al. identify ad 1258 as the start of 'the best replicated portion' of their reconstruction and do not include earlier years in the list of driest and wettest years local vegetation, and charcoal taphonomy), and it points to the value of including multiple records in area-burned reconstructions. Ideally, a reconstruction would be based on similar sites equally spaced throughout the calibration study area, so that the entire area could be sampled based on estimates of the optimal spatial domain from charcoal-area burned correlations. As with most methods based on lake-sediment charcoal, this approach assumes that a charcoal record is dominated by airborne deposition, or that the temporal scale of redeposition is accounted for by the sampling resolution.
Although we found strong correspondence between charcoal and tree-ring inferred fire occurrence and area burned, several limitations of the charcoal and tree-ring records constrain our interpretations. First, the tree-ring reconstruction represents only one realization of fire history in space and time, which limited estimates of optimal spatial scales from comparisons of charcoal peaks and known fires. For example, maximum accuracy could occur at shorter distances (Table 1) , but detection would require historical fires in closer proximity to each lake than actually occurred. Extensive areas of water around some coring sites (e.g. Dryad Lake and West Thumb, Figure 1 ) also precluded local fires. The optimal spatial scales for fires detected with charcoal peaks, therefore, should be taken as maximum estimates. Second, the spatial extent and accuracy of the tree-ring record affected estimates of the optimal spatial scales for fire detection and area burned. Fires beyond the study area undoubtedly deposited charcoal in each lake, but these events could not be included in our analyses because of the spatial extent of the tree-ring record. That we still achieved reasonable accuracy and correlations may reflect spatial autocorrelation between the fire history inside and directly outside the study area. However, missing and/or imprecise firehistory information likely accounted for at least part of the unexplained variance in both the site-specific and composite models relating charcoal accumulation and area burned. An independent area-burned record extending to c. 50 km of each lake would be required to more accurately estimate the optimal spatial scale of area-burned correlations and potential charcoal source areas (PCSA; Higuera et al., 2007) . For West Thumb in particular, the optimal spatial scale for recording area burned (6 km) was likely artificially low. Given the basin size of West Thumb and its location at the edge of the study area, charcoal accumulation at this site probably reflects area burned outside the study area. Finally, the tree-ring and CHAR data likely contain temporal errors that confound charcoal-fire comparisons. For example, the stand-age data reflect a short but varying time between fires dates and tree regeneration, although binning stand ages in 15 yr intervals reduced this potential error. Charcoal accumulation may also lag a fire event by several years Whitlock and Millspaugh, 1996) . Unknown errors in the 210 Pb chronologies and extrapolated dates are also an important source of uncertainty potentially leading to inaccurate sedimentation rates and chronologies. We found the best correlations between CHAR and area burned when charcoal records lagged area-burned records by 15-30 yr (Figure 3b ). These optimal lags are consistent with mechanisms of charcoal taphonomy leading to delayed deposition at a coring location Whitlock and Millspaugh 1996) , but they may also reflect chronological errors that vary within and between records. Such chronological errors likely account for some portion of the unexplained variance in the areaburned regression models, even after optimal lags were used.
Fire history in central Yellowstone National Park
Climatic and vegetational controls have interacted to determine local-scale and large-scale fire history in central Yellowstone National Park (YNP) over the past seven centuries. In this remote part of YNP, prehistoric and recent human activities are thought to have been of little consequence (Knight 1991; Romme and Despain, 1989) . Gray et al. (2007) precipitation data set. Median area burned in periods including extreme wet years (2792 ha) did not differ significantly from the series-wide median; median area burned in periods including extreme dry years (5176 ha) was significantly higher than the series-wide median (2908 ha), defined by the period of overlap with the precipitation data (ad 1258-1975) . Confidence intervals were based on 10 000 simulations where the area burned and dry-and wet-year time series were randomly shifted to test the null hypothesis of no difference in median area burned among dry, wet, and random years (see Methods). (b) Power spectrum of the area burned reconstruction for the entire ad 1225-1975 period. Confidence intervals (CI) indicate the expected variance in spectral power around the null model of red noise (thick gray line). The area-burned reconstruction contains significant variability at 56-58 yr periods, similar to periods of significant variability in the precipitation reconstruction for YNP region spanning ad 1258 Gray et al., 2007) Our results suggest that climate variability was an overriding factor determining large-fire occurrence, regardless of ignition patterns. Climate controls are highlighted by two aspects of our reconstruction. First, increased area burned coincident with the ten most extreme drought years since ad 1250 (Figure 6a ) suggests that summer drought promoted above-average burning. Presumably, this was through drying the abundant, typically moist fuels that characterize subalpine forests (Renkin and Despain, 1992; Schoennagel et al., 2004) , creating flammable conditions and increasing the probability of fire ignition and spread. Large fires in subalpine forests across the Rocky Mountains (Schoennagel et al., 2005; Sibold and Veblen, 2006) , within YNP (Balling et al., 1992) , and within the Central Plateau study area (Schoennagel et al., 2005) have been linked to annual-scale drought over the past several decades to centuries. Our area-burned reconstruction provides direct evidence that these mechanisms have been in place for the last 750 yr. Importantly, reconstructed area burned was not correlated with 15 yr average annual precipitation. Although this may reflect imprecision in either reconstruction, it is consistent with the overriding importance of annual climate conditions in determining fire occurrence as compared with 15 yr averages (Balling et al., 1992) . Notably, our ability to detect links between above-average area burned and annual drought was wholly dependent on having an annual-scale precipitation reconstruction, even though area burned was reconstructed at 15 yr intervals.
A second aspect of the central YNP fire history suggests that climate influences fire occurrence in subalpine forests over longer, multidecadal timescales. Significant variation in area burned at c. 60 yr periods ( Figure 6b ) and a study-area-wide median fire-return interval (FRI) of 60 yr (95% CI: 53-75) overlap with the scale of significant variability in reconstructed precipitation from ad 1250 to 1975 (56-64 yr; Gray et al., 2007) . Variation in climate and fire at similar timescales suggests that annual-scale linkages, while not conserved at 15 yr periods, are either conserved or reappear at multidecadal timescales. Long-term moisture deficits could favor fire occurrence by increasing tree mortality and thus surface fuels (Bigler et al., 2005; Tinner et al., 2008) , and/or by increasing the frequency of extreme dry, fire-conducive conditions at annual and subannual timescales (Gray et al., 2007) . This hypothesis is supported by two key multidecadal precipitation anomalies in the YNP precipitation record. A multidecadal drought in the midthirteenth century, also reflected in regional drought reconstructions (Cook et al., 2004) , corresponds to a 30 yr period with >25 000 ha burned. Gray et al. (2007) hypothesized that this period likely favored widespread disturbance in YNP, including forest fires, and ecological reorganization. Additionally, a multidecadal wet period in the early twentieth century, again reflected in the regional reconstructions (Gray et al., 2004; Woodhouse et al., 2006) , coincides with 45 yr with < 2000 ha burned (Figure 5e ).
Although climate has clearly determined central YNP fire regimes at multiple time scales (Millspaugh et al., 2000; Schoennagel et al., 2005 ; this study), our reconstruction points to the importance of non-climatic factors as well. Composite fire-return intervals suggest an increasing probability of fire with stand age (Weibull c parameter estimate > 1, 95% CI: 1.36-2.52), implying that post-fire fuel accumulation mediates direct links between climate and local-scale fire occurrence over decadal timescales. Although charcoal records have a minimum detectable fire-return interval (FRI; 30 yr in this study, n = 4 of 26), the fact that the modal FRI in this study was 60 yr (n = 9 of 26) suggests increased probability of burning with stand age was not an artifact of the charcoal data. Stand age significantly affected area burned in YNP in recent decades, with the greatest proportion of crown fires in lodgepole pine stands in mid-to late-successional stages (150-300+ yr; Renkin and Despain, 1992) . When the landscape is dominated by mid-to late-successional stands, fuel structure and continuity serve to promote fire spread across broad areas, as in ad 1988 (Turner et al., 1994) when high-severity forest fires burned 25 000 ha in the study area (National Park Service, unpublished data, available online: http://science.nature.nps.gov/ nrdata/; see also Turner et al., 1994) . Although the 1988 fires are unprecedented in light of our reconstruction, a similar combination of stand development and favorable fire weather and climate was likely responsible for widespread burning (>10 000 ha) in c.
ad 1240, 1540, and 1700 (Romme and Despain, 1989 ; this study, Figure 5e ). Our reconstruction and the ad 1988 fires indicate that the large fire events have occurred at 150-300 yr intervals over the past 750 yr. This 150 yr period is also a period of moderately significant (p<0.10) variability in the area-burned power spectrum, although this was not hypothesized a priori (Figure 6b ). Variability at these timescales is consistent with the timing of post-fire stand development leading to an increased probability of crown fires (Renkin and Despain, 1992) . Thus, modern fire observations and fire-history records from both tree-ring (Romme, 1982) and sediment-charcoal (this study) data suggest that the most extensive fires in the lodgepole pine forests of YNP arise from interactions between climate on multiple timescales, and fuel conditions, varying on decadal to centennial timescales. The interactive effects of climate and post-fire fuel accumulation on fire occurrence are not unique to subalpine forests. Similar mechanisms have been inferred in low-severity fire regimes in red pine stands of northwestern Minnesota (Clark, 1988a) . In both Minnesota and central YNP, neither climate nor post-fire fuel accumulation alone fully explains local or extra-local fire activity on decadal to centennial timescales.
Conclusions
Charcoal records fill an important gap in our understanding of fire ecology and the controls of fire regimes, particularly where infrequent, stand-replacing fires limit the length of tree-ring reconstructions. In these ecosystems, charcoal records have the unique ability to reveal the role of both climatic and non-climatic factors in controlling fire activity over a range of scales. Over centennialto-millennial timescales, individual charcoal peaks register fire occurrence within hundreds of meters to a few kilometers of a site, providing 'local' records valuable for studying site-specific fire history. Charcoal accumulation in lake sediments registers fires from larger areas and can provide quantitative reconstructions of area burned at regional spatial scales, i.e. within several to tens of kilometers of a site. Combining peak-inferred firereturn intervals (Gavin et al., 2006; Higuera et al., 2009) and total charcoal accumulation in composite records Marlon et al., 2006 Marlon et al., , 2008 Marlon et al., , 2009 Whitlock et al., 2008) allows inferences at even larger spatial scales and is promising for detecting climate-fire linkages.
In the case of YNP, our area-burned reconstruction facilitated comparisons with reconstructed annual precipitation and suggest that widespread burning in the past was likely determined by annual to multidecadal variations in drought, as well as the centennial-scale patterns of stand development and associated fuel accumulation. These factors combined to produce at least three periods of widespread burning in the study area (> 10 000 and up to 21 000 ha) within the past 750 yr. Historical evidence linking drought with large areas burned is consistent with predictions of increased area burned under future climate warming (Littell et al., 2009; Westerling et al., 2006) , but as forest communities in YNP respond to climate change (Bartlein et al., 1997; Schrag et al., 2008) , current links between climate, vegetation, and fire will also be altered. The degree to which future fire regimes are determined solely by climate or by a combination of climate and vegetation change will depend upon the nature, pattern, and rate of vegetation change. Figure A2 . Example illustrating relationships between charcoal accumulation rate (CHAR) and area burned within different distances from Dryad Lake. Left column: The charcoal record (gray bars) does not vary between panels, but the record of area burned (thick dark line, far right y-axis) changes as distance-from-lake increases (from top to bottom panel). Right column: scatter plots of area burned as a function of CHAR corresponding to the two series in the same row of the left column. The coefficient of determination, r 2 , is noted at the top of each panel, and a solid (dashed) line is fit to the scatter plot if the relationship is significant at alpha = 0.05 (0.10). Note: this example illustrates the best match between Dryad Lake and the area burned time series, which occurs when the charcoal record lags the area burned record by two samples (30 yr; Table 2 ). Thus, the charcoal series is offset from its original location in time by two time steps (i.e. compare to Fig. 2 in main text)
